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Improvement ratioAbstract Helical piles are widely used in engineering applications providing stability against com-
pression, tension, and horizontal loads. Although the use of helical piles is increasing, the proper
design and the effect of helices parameter on the ultimate load are still under investigation. This
research mainly aimed to study the response of horizontally loaded helical piles, where a laboratory
study is performed on physical model. Loading tests on helical piles with different helices diameters,
numbers, and spacing subjected to horizontal loadings are carried out. The effects of the helix diam-
eter, number, and spacing are monitored and a comparative study between helical piles and piles
without helices is accomplished. It is worth mentioning that in general the presence of helices
increases the ultimate horizontal pile capacity depending on the helices diameter, number, and spac-
ing. It was found that the improvement ratio due to the presence of helices can reach up to 2.83 at a
displacement equals 2.5% of the pile diameter.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Helical piles consist of one or more helical shaped circular
plates welded to a central steel shaft at a certain depth and
specified spacing. Puri et al. [2] developed a theoretical model
estimating the lateral load capacity of helical anchor pile-soil
system; they proved that the lateral capacity is controlled by
the extension shaft for depths bigger than 3–5 times the critical
relative stiffness factor. Narasimha et al. [6], and Narasimha
and Prasad [5] reported that many researches have been con-
ducted on helical piles subjected to compression or tension
but not many attempts are conducted to study the behavior
of laterally loaded helical piles. Prasad and Narasimha [3]mentioned that helical piles are used as in tower foundations
on land and in offshore areas; they are subjected to lateral
force in addition to compressive and/or tensile forces. The
authors examined the lateral capacity of helical piles through
model testing and a simple theoretical model. From their study
they concluded that the lateral resistance increases with the
increase in the pile embedment depth and soil shear strength,
and they also mentioned that the lateral capacity of helical
piles is 1.2–1.5 times higher than that of plain shaft piles
depending upon the number of helices. Prasad and Narasimha
[3] performed laboratory tests on helical piles comprising 2 and
4 helices founded in saturated clay, and they proved that the
lateral capacity of the helical pile increased up to 1.2–1.4 times
higher than that of plain shaft pile. Ghaly and Clemence [4]
performed an experimental and theoretical studies on inclined
helical piles subjected to pullout, and they proved that the
capacity depends on the sand relative density, helical depths,
and inclination angle. Mittal et al. [1] reported that an experi-
mental investigation on laterally loaded helical pile is per-
3240 F.M. Abdrabbo, A.Z. El Wakilformed where lateral loads are implemented at different height
above the soil level. The authors reported that the lateral load
increases as the number of helices and the embedment depth
increase.
2. Testing equipment
To study the behavior of horizontally loaded helical piles in
sand, laboratory tests were conducted on a small scale model
steel piles of diameter (d) equal to 20 mm. and of length, L,
600 mm. The helices were machined from steel plates of thick-
ness 2 mm. The helices are machined to give external diame-
ters, D, of 1.5d, 2.5d, 5d, and 7.5d with fixed pitch, P, equal
to the pile diameter, d, 20 mm, Photo 1. The helices are welded
firmly and accurately to the pile at different depths. Different
numbers of helices, N, at different spacing, S, are implemented
in the study. The model piles have a hock at the top to facili-
tate the horizontal loading. The hock is accurately attached at
the center of the tested pile cross section. Two-dial gauges – of
accuracy 0.01 mm – are supported on a steel angle fixed to the
soil bin and attached horizontally to vertical steel plates fixed
to the pile head and perpendicular to the loading direction to
measure the horizontal displacement of the pile. The general
layout of the equipment used in the present study is illustrated
in Fig. 1. The soil bin height is 600 mm and made of two steel
rings each of 300 mm height. It is worth mentioning that the
ratio between the soil bin diameter to the largest helical diam-
eter is more than 3.0 to avoid vertical boundary conditions.
The deformation of the circumference of the soil bin is pre-
vented using horizontal and vertical steel plates. The soil bin
is accurately placed on a rigid steel girder on the ground.
The soil bin was designed by others and becomes one of the
facilities in soil mechanics laboratory. Lateral loads are
applied on helical piles using frictionless pulley fixed to the soil
bin and wires each connected from one end to the pile head via
hock and from the other end to a hanger where standard
weights are used for lateral loading. It is worth mentioning
that the pulleys have smooth surface to prevent any friction.
The horizontal loads are applied 10 mm above the sand sur-
face. The standard weights are gradually implemented and
each load is kept constant till no change occurs in the dial
gauge readings for three minutes. It is important to mention
that the hock and the pulley are on the same horizontal level,Figure 1 Testing setup.that’s to say the wire between them; hence, the acting load is
exactly horizontal. Spirit level is used to ensure the wire hori-
zontality. Adjustment is carried out through the pulley attach-
ment to the soil bin to ensure the horizontality of the applied
load. The test setup is very simple, cost effective without any
deficiency in the loads and displacement measurements. The
scale effect of the model may affect the achieved results, so
the reported results may be treated with caution.
3. Experimental procedure
The sand used in the testing program is of medium size having
minimum and maximum dry unit weights of 15.6 kN/m3, and
18.2 kN/m3 respectively, uniformity coefficient of 2.95, effec-
tive diameter 0.19 mm, and 2.6 specific gravity. The sand is
formed by free falling technique into the soil bin in layers each
of 150 mm thickness. To ensure homogeneity of sand forma-
tion, a designed weight of sand, with an accuracy of
0.001 kN, was formed into a designed volume of the soil bin
by compaction to give a specified relative density of 50%.
Compaction is manually performed using a rammer weighing
40.0 N and of 200 mm diameter. The formation of sand in
the soil bin depends upon the experience gained from previous
researches in the soil mechanics laboratory. The helical piles
and plain shaft pile are embedded into the soil bin and sand
is formed around them in accordance with the testing pro-
gram. The test results of helical pile were compared with the
results obtained from plain shaft pile, the reference pile; there-
fore, the two types of piles are embedded into the soil bin by
the same method for eliminating the insertion effects on com-
parative study. Loading tests are carried out in accordance
with the testing program shown in Table 1. The loads are
incrementally mounted on the hanger. No deviation in the
readings of the two dial gauges is accepted for each load due
to the mis-alignment of the applied horizontal load with the
pile vertical axis. Load-displacement relationship is plotted
for each test according to Table 1. To minimize the scale effect
on the achieved results comparative study between test results
is conducted and general behavior of lateral response of the
pile is studied and investigated. A reference test is conducted
on a pile of 600 mm length, 20 mm diameter for comparative
study.
4. Test results and discussion
4.1. Helical depth ratio h/L
A series of tests were carried out on vertical pile with one helix
at varying depth, h, although it is not practical to use helical
pile without attaching a helix at the tip of the pile. In order
to study the helical depth ratio effect, h/L, the depth ratio
was changed to give three different values of 1.0, 0.67, and
0.5. The pile length is 0.6 m, while the diameter is 20 mm
embedded in sand. At each depth ratio h/L three different
helices of diameter 50 mm, 100 mm, and 150 mm are imple-
mented in the study. The setup is completed for each test as
previously explained, the load is incrementally applied, the dis-
placement is recorded, and then the load displacement rela-
tionship is plotted for each test and gathered for different
helices diameter ratio D/d as shown in Fig. 2. The ultimate
load, T, is determined at an arbitary displacement equals to
Table 1 Testing program and results.
Test no. Helical diam. ratio, D/d Helical depth ratio, h/L Number, n Spacing ratio, S/d Hu, kN Le/L IR
1 1.5 1 1 0.12 1.0 1
2 2.5 1 1 0.14 1.0 1.17
3 5 1 1 0.16 1.0 1.33
4 7.5 1 1 0.19 1.0 1.58
5 2.5 2/3 1 0.19 1.0 1.58
6 5 2/3 1 0.21 1.0 1.75
7 7.5 2/3 1 0.23 1.0 1.91
8 2.5 1/2 1 0.21 1.0 1.75
9 5 1/2 1 0.23 1.0 1.91
10 7.5 1/2 1 0.25 1.0 2.1
11 2.5 1/3 1 0.22 1.0 1.83
12 5 1/3 1 0.24 1.0 2
13 7.5 1/3 1 0.26 1.0 2.17
14 7.5 1/2 2 1 0.25 1.0 2.1
15 7.5 1/2 3 1 0.29 1.0 2.42
16 7.5 1/2 4 1 0.29 1.0 2.42
17 7.5 1/2 2 1.5 0.30 1.0 2.42
18 7.5 1/2 2 2 0.33 1.0 2.75
19 7.5 1/2 2 3 0.36 1.0 3
20 7.5 1/2 2 4 0.34 1.0 2.83
21 1.5 1 1 0.11 0.9 .92
22 1.5 1 1 0.09 0.8 .75
23 1.5 1 1 0.06 0.7 .5
24 1/2 2 3 0.36 0.9 3
25 1/2 2 3 0.28 0.8 2.33
26 1/2 2 3 0.22 0.7 1.83
L= length of reference pile = 600 mm.
Le= pile embedment depth.
IR = improvement ratio, ultimate load of helical pile/ultimate load of reference pile.
Hu = ultimate lateral load at displacement 5 mm.
Laterally loaded helical piles 32415 mm, which is equivalent to 2.5% of the pile diameter irre-
spective of helix diameter. From the shown relationships it is
obvious that as the helical depth ratio, h/L, increases that’s
to say the helix goes down close to the pile tip the horizontal
load, T, increases up to the most efficient depth ratio, h/L,
and then decreases again. The applied load is expressed in
dimensionless form as k= 2T/(cL2d), where k is the apparent
lateral stress coefficient. The pile may be considered rigid
rotating nearly at its tip under the applied lateral loads. As
the helix goes lower, the vertical displacement of the helix
due to pile rotation decreases; thus, the mobilized shear
strength of soil above and below the helix decreases. But at
the same time, the body force due to the own weight of the soil
acting on the helix increases. Therefore two contradictory
actions on the helix, the helix, may exist vertical movement
and the vertical force on the helix. Fig. 2 demonstrates that,
the resistance of pile to lateral load increases as the helix goes
higher above the pile tip, due to the increase in the helix rota-
tion up to h/L becomes equal to 1/2, and beyond this limit
there is no appreciable effect of h/L on the pile response up
to h/L equals to 1/3. For helix at h/L less than 1/3, it is antic-
ipated that the lateral resistance of the pile shall decrease to
reach a value equal to that of the reference pile, when the helix
goes up to sand surface, presuming that the friction between
helices and sand is negligible. So one can observe that the best
location of single helix to attain upmost lateral resistance is at
depth between 1/3 and 1/2 the embedded pile length. Fig. 2
also demonstrates that the k-Y relationship of the pile is non-
linear alignment, where Y is the lateral displacement. Theapparent lateral stiffness of the helical pile increased as the
helix diameter increases. Fig. 3a presents a variation of (k) cor-
responding to ultimate load versus h/L. Ratio, and the values
at ultimate load vary between 2.25 and 4.25 according to the
value of h/L and D/d. The value is about 1.6 for plain shaft
pile. These values depend upon the assessment method the ulti-
mate lateral loads of the piles. The figure also demonstrates the
benefits of adding helices to plain pile. The improvement ratio,
IR-which is defined as the ratio between the ultimate load
attained by helical pile to that attained by plain pile at the
same conditions – is plotted against h/L for different helices
diameter ratios, D/d. The relationship is shown in Fig. 3b.
From the plotted relationship it is observed that the relation-
ship between the depth ratio, h/L, and improvement ratio,
IR, is inversely proportional for all diameter ratios, D/d
emphasizing the previous explanation. The improvement ratio
can reach a value up to 2.17 for h/L= 1/3, and D/d= 7.5, but
generally the improvement ratio decreases as h/L increases and
attained a value of 1.5 at h/L= 1.5 and D/d= 7.5. The figure
also indicates that there is no appreciable benefit of increasing
the helix diameter from D/d= 2.5 to D/d= 7.5 to get a better
respond of laterally loaded helical pile.
4.2. Helical diameter
In order to study the effect of helical diameter on the laterally
loaded helical pile behavior, the helix diameters, D, are chan-
ged to give different helical diameter ratios; D/d of 2.5, 5,
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Figure 2 k-Y relationships for different helical depth ratios, h/L.
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Figure 3a Helical depth ratio, h/L versus k.
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Figure 3b Improvement ratio versus depth ratio.
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Figure 4 Helical diameter ratio D/d effect for different helical
depth ratios, h/L.
3242 F.M. Abdrabbo, A.Z. El Wakiland 7.5. Tests were carried out while the helix was at depth
ratio h/L of 1/3, 1/2, and 2/3. The load-displacement relation-
ships are plotted and shown in Fig. 4. From the figure it can be
observed that as the helical diameter increases the resistance of
the pile to the lateral load increases due to the increase in body
force, weight of soil, acting on the surface of the helix, and also
due to the increase in the failure surface under/above helix.
Fig. 4 indicates that the lateral stiffness of the pile is improved
appreciably by incorporating helix to the pile. Also the lateral
stiffness increases with the increase in helix diameter. Theincrease of h/L ratio reflects the same findings as the helix
diameter increases due to the increase in soil weight above/be-
low the helix; therefore, the shear resistance of soil around the
helix increases as well the body force resulted from the own
weight of soil above the helix increases. Fig. 4 shows that the
k-Y relationship is highly nonlinear, but the nonlinearity
increases as D/d decreases, due to the decrease in lateral stiff-
ness of the pile. The relationship between D/d and IR for dif-
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Figure 6 k-Y relationships for different number of helices, S/
d= 1, h/L= 1/2.
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Figure 7a Number of helices versus coefficient of lateral stress
for S/d= 1.0.
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Figure 7b Improvement ratio for different helices numbers, S/
d= 1.
Laterally loaded helical piles 3243ferent depth ratios is plotted and shown in Fig. 5. The figure
indicates that the improvement ratio increases linearly as D/d
increases from 2.5 to 7.5. The figure indicates that at h/
L= 2/3, the benefit of increasing the helix diameter from 2.5
to 7.5 is 18.6%. This value becomes 11.1% in case of h/
L= 1/3.
4.3. Helices number
In order to explore the effect of the number of helices on the
lateral load, the helice diameters are chosen to be of 150 mm
with diameter ratio, D/d= 7.5, and the top helical depth ratio,
h/L, is chosen to be 1/2. Two, three, and four helices are
welded to the pile. The vertical spacing, S, is kept constant
and equal to 20 mm, which is equal to the pile diameter, d.
The k-Y relationship for each experiment is plotted and gath-
ered in Fig. 6. The figure demonstrates that as the number of
helices increases, the lateral stiffness of the pile increased,
and the nonlinearity of k-Y relationship decreased. The spac-
ing between helices is really small with respect to helix diame-
ter, and the ratio S/d is 0.133. Thus the interaction effect
between helices leads to the system of helices to work as one
vertical helix attached to the pile with pitch equals to the dis-
tance between the upper and the lower helices. Fig. 7a shows
the relationship between the number of helices and the ulti-
mate lateral load. The figure proves that the most effective
number of helices is 2.0. The k-value attained a value of 4.0.
The improvement ratio, IR, is plotted against the number of
helices, n, for S/d = 1.0, the relationship is shown in Fig. 7b.
From the plotted relationship it can be concluded that the
improvement ratio attained a value of 2.75 corresponding to
twin helices. The increase in the improvement ratio corre-
sponding to helices more than 2 is not appreciated as con-
cluded from the figure.
4.4. Vertical spacing effect
To study the effect of helices vertical spacing, S, on the helical
piles behavior, the pile is provided with two helices. The upper
helice is attached at depth, h/L, equals to 1/2, while the lower
helix is attached at different spacings below the upper helix.
The helix diameter ratio, D/d, is kept 7.5 for both helices.
The vertical spacing ratio, S/d, was changed to be 1, 1.5, 2,
3, and 4. The lateral response of the pile with two helices at dif-
ferent spacings is shown in Fig. 8. The figure indicates that as
the spacing ratio, S/d, increases, the interaction between1
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Figure 5 Improvement ratio versus diameter ratio.helices decreases and the helices tend to perform indepen-
dently; therefore, the most efficient spacing is 3 times the pile
diameter or 0.4 the helix diameter. When the spacing increased
to higher than 3 times the pile diameter or 0.4 the helix diam-
eter the helices perform independently, and the lateral resis-
tance of the pile becomes uneffective with the value of the
spacing, S. Fig. 9a shows that the lateral stress coefficient
increases up to S/d equals to 3.0, reaching a value of 4.95.
The improvement ratio, IR, is plotted against the spacing
ratio, S/d, and shown in Fig. 9b. The plotted relationship
shows that the maximum improvement ratio is attained at
spacing ratio, S/d equals to 3.0, this value is 3.0.
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Figure 11b Embedment ratio versus improvement ratio.
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In order to study the effect of embedment depth on the pile
behavior, tests were carried out on plain pile having different
embedment depths, Le, and similar pile with the same embed-
ment depth but attached to two helices with spacing ratio, S/d,equals to 3, and diameter ratio, D/d equals to 7.5, and top helix
depth ratio h/L is 1/2 for Le/L is 1.0. The embedment depths,
Le, were changed from 600 mm to give embedment ratios, Le/
L, equal to 0.7, 0.8, and 0.9. The coefficient of lateral stress
against displacement for each test is plotted as k-Y relationship
and shown in Fig. 10. From the plotted figure it can be
observed that as the embedment ratio, Le/L, increases the ulti-
Photo 1 Helical piles h/L= 1.0.
Laterally loaded helical piles 3245mate lateral resistance of plain pile and helical pile increases
meaning that both piles are behaving as rigid piles. Fig. 11a
shows the relationship between the embedment ratio, Le/L,
versus the coefficient of lateral stress corresponding to ultimate
load for both plain pile and helical piles. The figure indicates
that the coefficient of lateral stress corresponding to ultimate
load, k, depends upon the embedment ratio, Le/L, and the type
of pile either plain pile or helical pile. For plain pile the value
of k attains 1.5 at Le/L= 1.0, while the value becomes 5.0, for
pile with two helices at Le/L= 1.0. The figure also indicates
that k-value increased with the increase of Le/L but with
decreasing rate, beyond Le/L equals to 0.9. Fig. 11b reflects
the improvement ratio of both plain and helical piles against
Le/L. The figure reflects the effects of two factors: the embed-
ment depth and the helices. For plain shaft pile, the improve-
ment ratio is due to the increase in embedment depth. As the
embedment depth increases, the ultimate lateral resistance of
the pile increases, from improvement ratio 0.5 at Le/L= 0.7,to 1.0 at Le/L= 1.0. The relationship between improvement
ratio and pile depth is nonlinear meaning that the coefficient
of lateral stress, k, depends upon the embedment depth, and
not only on the soil properties. For helical pile the improve-
ment ratio increases nonlinearly up to Le/L= 0.9 and then
becomes inappreciable of Le/L exceeding 0.9. The modes of
failure of both piles are different, and this may explain the dif-
ference in the response of the two piles with respect to k values.
5. Conclusions
From the accomplished laboratory tests on helical pile sub-
jected to lateral loads the following points may be concluded.
The most beneficial helical depth ratio ‘‘h/L” is between 1/3
and 1/2.
The most economic number of helices is 2, that’s to say a
double row helical pile.
The most effective spacing ratio ‘‘S/d” is found to equal to
3.0.
The improvement ratio, ‘‘IR”, can reach up to 2.42 by the
presence of helices, depending upon the soil properties, the
helix diameter, number, and spacing.
The value of lateral stress coefficient, k, at the ultimate load
depends upon soil properties, pile embedment depth, type
of pile, either helical or plain, and number of helices.
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